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ABSTRACT 17 
 This study aims to evaluate the free and bound water flows in the different axes of 18 
Corymbia citriodora wood during drying. Wood samples were taken from the inner and 19 
outer regions of the tree stem from seven-years-old experimental plantations. The 20 
blocks were prepared for the water flow to occur in each wood axis and they were dried 21 
up to the final moisture content of 12%. Free water (FWFR), bound water (BWFR) and 22 
total water (TWFR) flow rates were calculated. The relationship between loss of 23 
moisture content and time presented an exponential curve, especially in the radial and 24 
tangential wood axes. Water flow in the three wood directions presented higher FWFR 25 
than TWFR (which was higher than BWFR). Free water flow was ~10 times higher than 26 
adsorbed water flow, considering values for moisture content between ~80% to ~12%. 27 
Free water movement in the longitudinal direction of the wood was ~2 times greater 28 
than in the radial axis and ~3 times greater than in the tangential axis. Bound water 29 
movement in the longitudinal direction of the wood was ~2 times greater than in the 30 
transverse direction. Bound water flow in the radial axis of the wood was statistically 31 
equal to the one in the tangential axis. The results indicate that the intensity of free and 32 
bound water flows changes according to the direction of Corymbia citriodora wood.  33 
Keywords: Bound water, free water, moisture content, density, water flow rate. 34 
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INTRODUCTION 35 
 36 
The relationship between water and wood has been scientifically studied for over 37 
a century, focusing mainly on softwoods (Engelund et al. 2013). The greater importance 38 
of hardwoods in recent years, such as those from Corymbia genus, has led to increased 39 
studies on the water-wood relationship in these species (Zanuncio et al. 2013, 2015, 40 
Redman et al. 2016, Monteiro et al. 2017, 2018, Resende et al. 2018, Rezende et al. 41 
2018, Brito et al. 2019, Nascimento et al. 2019). 42 
The water flow in the wood presents variations in its physical state and form of 43 
movement (Engelund et al. 2013). The water can be divided basically into two groups 44 
(Kollmann and Côté Jr- 1968, Siau 1971): 1) free or capillary water, from the liquid and 45 
gaseous phases, above the fiber saturation point (FSP); 2) bound water – adhesion or 46 
impregnation – from the gaseous phase and bound in the cell wall of the fibers, below 47 
the FSP. Eitelberger et al. (2011) report the adequate modeling for bound water, 48 
distinguishing between the two phases of water in the wood, namely bound water in the 49 
cell walls and water vapor in the lumens. Water flows in the wood are complex, as it 50 
occurs during liquid and gaseous phases (Kollmann and Côté Jr 1968), depending on 51 
whether it is above or below the FSP. At this point, the moisture content varies between 52 
25 and 35% (Skaar 1972). 53 
The movement of these waters occurs in different ways. The free water flow is 54 
caused by capillary forces, based on Hagen-Poiseuille’s Law. In turn, the movement of 55 
the water in gaseous form (vapor) and adsorbed water occurs via the cell wall by 56 
diffusion, due to the moisture gradient (Kollmann and Côté Jr 1968, Siau 1971). This 57 
movement occurs in the different directions of the wood, with different intensities. The 58 
water flow in the axial direction is higher when compared to the transversal one (Siau 59 
1971, Mouchot et al. 2006, Engelund et al. 2013). Mouchot et al. (2006) report that the 60 
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bound water flow is more intensive in the longitudinal direction when compared to the 61 
radial and tangential directions. Siau (1971) describes that the organization of the axial 62 
anatomical structures, especially the vessels, favors the flow in the longitudinal 63 
direction. Monteiro et al. (2017) complement that, on the hand, long and wide vessel 64 
elements favor the free water movement, on the other, they reduce the bound water flow 65 
in the Eucalyptus and Corymbia logs. 66 
Corymbia wood in Brazil is mainly used in the energy, charcoal (Peres et al. 67 
2019) and treated wood (Lopes et al., 2018) industries. Improved permeability in wood 68 
may lead to faster, cheaper and high-quality drying, improve the energetic use of wood, 69 
ease chemical treatment, and effectively manufacture wood-polymer composites. 70 
Different techniques were used to evaluate water interaction with wood materials, 71 
including gravimetric techniques (Redman et al. 2016, Thybring et al. 2018) and 72 
apparatus for testing wood permeability to air and liquid (Silva et al. 2010; Tanaka et al. 73 
2010; Baraúna et al. 2014). However, different techniques to evaluate hardwood 74 
permeability have only found values for the longitudinal direction and have found 75 
difficulty in measuring this parameter in the radial and tangential axes (Silva et al. 2010, 76 
Baraúna et al. 2014, Rezende et al. 2017, Rezende et al. 2018, Brito et al. 2019). 77 
There is still no information concerning the possible difference between free and 78 
bound water flows according to the wood axes during wood drying, especially in 79 
Corymbia. Thus, this study aimed to evaluate the flow of free and bound waters in the 80 
different directions of Corymbia citriodora specimens. 81 
 82 
MATERIAL AND METHODS 83 
 84 
Preparation of materials and wood specimens 85 
  86 
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 Three seven-years-old Corymbia citriodora trees, located next to the 87 
municipality of Belo Oriente (19°31'S and 42°44'W), state of Minas Gerais, Brazil, 88 
were collected. The spacing between the trees in the reforestation was 3 x 3m. Trees 89 
were harvested, and logs from the base were removed. One central board from each log 90 
was produced using a simple vertical band saw, and four wooden scantlings were cut 91 
using a circular saw – two from the internal region and two from the external region of 92 
the stem. 93 
 Eight blocks of 30 x 30 x 30mm were produced from each wooden scantling. 94 
Two blocks were removed from the central region of each wooden scantling to 95 
determine the wood basic density. Six blocks were cut in half ending with the 96 
dimensions of 15 x 30 x 30mm. Measurement of 15mm represented the water flow axis 97 
(axial, radial or tangential) that was evaluated. Thus, each wooden scantling produced 98 
12 drying samples, four on each axis, and each tree produced 48 samples for drying, 99 
half from the internal region and half from the external region.  100 
 101 
Methods  102 
Blocks for drying were produced with the dimensions of 30 x 30 x 15mm. The 103 
direction with the smallest dimension was the one in which the water flow occurred 104 
(Figure 1). The samples were identified, and their faces were waterproofed with epoxy-105 
based adhesive, represented by hatches in Figure 1. In the same figure, the curved lines 106 
represent the growth rings in the cross-section and the arrows indicate the water flow 107 
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direction.108 
 109 
Figure 1. Scheme of the wood blocks used to evaluate the water flow in the axes of 110 
Corymbia citriodora wood. Where: A – Water flow in the tangential direction; B – 111 
Water flow in the radial direction and C – Water flow in the axial direction. 112 
The wood blocks were stored in an air-conditioned room, with a temperature of 113 
20 ± 2ºC and relative humidity of 65 ± 5%. This condition, after wood drying, generated 114 
the equilibrium moisture of approximately 12%. The mass of the samples was measured 115 
using a digital electronic scale, with an accuracy of 0.01g, every six hours in the first 116 
week, every 12h in the second week and every 24h until mass stabilization. Constant 117 
mass was estimated when the difference between two successive weighings was less 118 
than 0.2% after 24h. After achieving constant mass in the air-conditioned room, the 119 
blocks were dried in a kiln, with forced air circulation and a temperature of 105 ± 2°C, 120 
up to constant mass. Constant mass was estimated when the difference between two 121 
successive weighings was less than 0.1% after 24h. Dry masses (moisture = 0%) were 122 
then determined on an electronic scale. 123 
The moisture content of the samples was determined from the ratio of water 124 
mass and wood dry mass, and the basic density was determined from the ratio of wood 125 
dry mass and wood green volume, according to the standard D2395-14 (American 126 
Society for Testing and Materials 2001). 127 
The first mass measured during drying was considered for initial moisture 128 
content (IMC). The FSP was considered equal to 30% – an average value reported in 129 
the literature for hardwoods (Skaar 1972, Berry and Roderick 2005, Engelund et al. 130 
2013). The mass of the blocks for moisture close to 30% was considered for the FSP in 131 
the estimation of water flow rates. The mass considered as equilibrium moisture content 132 
(EMC) was the one at the end of drying when it became constant. 133 
The mean time taken for free water outlet (FWT) – between IMC and FSP – and 134 
the mean time taken for bound water outlet (BWT) – between FSP and equilibrium 135 
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moisture content – were evaluated. The sum of FWT and BWT was used as total drying 136 
time or total water flow time. Drying in mild conditions was used to prevent collapse 137 
and other drying defects. Thus, drying was partial (~12%) and not total (until 0% 138 
moisture). A graph that shows the log moisture loss as a function of time was generated.  139 
Free water, bound water, and total water flow rates were determined for the 140 
different directions of the wood blocks, according to Equations 1, 2 and 3. 141 
a) Free water flow rate: 142 
FWFR = MLfDf  (1) 
Where: FWFR is the free water flow rate (%MC day-1); MLf is the free water outlet, 143 
which is the difference between initial moisture content (IMC) and FSP (%); Di is the 144 
initial drying time up to the FSP (day). 145 
b) Bound water flow rate: 146 
BWFR = MLaDa  (2) 
Where: BWFR is the bound water flow rate (%MC day-1); MLa is the bound water 147 
outlet, which is the loss of moisture between FSP and equilibrium moisture content 148 
(EMC), (%); Da is the final drying time up to the EMC (day). 149 
c) Total water flow rate: 150 
TWFR = MLtDt  (3) 
Where: TWFR is the total water flow rate (%MC day-1); MLt is the free and bound 151 
water outlet, which is the difference between IMC and EMC (%); Dt is the total drying 152 
time between IMC and EMC (day). 153 
The statistical analysis of the variation of moisture as a function of drying time 154 
for the longitudinal, radial and tangential directions of the wood corresponded to an 155 
exponential model. The quality of the adjustment was evaluated by the determination 156 
coefficient (R²). To adjust the regression models, this study used lm function in the R 157 
software (R Development Core Team, 2014). To test the influence of time on moisture 158 
content, Pearson’s correlation test was used (p < 0.05), and to make the response surface 159 
plots, the software Microsoft Excel (2007) was employed. 160 
Statistical analysis was performed in the R software (R Development Core 161 
Team, 2014) using analysis of variance, and the Scott-Knott test was applied at 5% 162 
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significance to verify significant differences between the mean values. Completely 163 
casualized design was used twice: 1) double factorial scheme with two regions of the 164 
trunk and three water flow rates on wood (free, bound and total); the response variables 165 
were flow water rates and basic density, with 72 repetitions for each trunk region; 2) 166 
double factorial scheme with three wood axes and three flow water rates. the response 167 
variables were flow water rates, with 48 repetitions for each wood axis. 168 
 169 
RESULTS AND DISCUSSION 170 
 171 
The curve for the moisture loss as a function of time and the models obtained for 172 
the longitudinal, radial and tangential axes of Corymbia citriodora wood are illustrated 173 
in Figure 2. 174 
175 
Figure 2. Curve for the moisture content as a function of drying time with a regression 176 
model for the different axes of Corymbia citriodora wood. Where: MCTg – moisture 177 
content for water flow in the tangential axis (%); MCRd – moisture content for water 178 
flow in the radial axis (%); MCLg – moisture content for water flow in the longitudinal 179 
axis (%); T – time (day); R² – determination coefficient. 180 
The conditions of the air-conditioned room where specimens were dried allowed 181 
the samples to stabilize humidity around 12% (Figure 2). The samples used to evaluate 182 
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water flow in the longitudinal axis had slightly higher initial moisture (77%) and yet 183 
lost free water rapidly when compared to samples from the radial and tangential 184 
directions, which presented average initial moisture of 72 and 73%, respectively. 185 
Samples from longitudinal and radial axes spent 17.9 and 18.9% of drying time in the 186 
free water outlet, whereas specimens from the tangential direction spent 26.5% of the 187 
time in the same water flow – observed by the upper curve of the tangential direction 188 
samples in drying up to the moisture ~30%. It is also possible to observe the similar 189 
behavior between the radial and tangential axes after ~8.4 days of drying during the 190 
movement of the bound water. 191 
The accuracy of the models reflects the high determination coefficient between 192 
the moisture loss of the wood samples in the different directions and the drying time 193 
(Figure 2). The increase of the drying time exponentially reduces the moisture content 194 
of the wood in all of its three axes, mainly in the radial and tangential directions, which 195 
presented higher coefficients of determination (R²). Factors such as the anatomical 196 
structure also influence the movement of water in the wood (Siau 1971, Ahmed and 197 
Chun 2011, Monteiro et al. 2017) and may have contributed to the difference between 198 
the R² of the radial and tangential directions and the longitudinal axis. The dimension of 199 
the piece of wood also influences the permeability (Bramhall 1971).  200 
The high R² of the drying models on the radial and tangential axes demonstrate 201 
the importance of drying through the radial and tangential sections of the wood. The 202 
importance of the lumber or trunk surface in drying can be demonstrated by the high R² 203 
of the exponential models found in the studies for drying of hardwood. Eucalyptus 204 
grandis lumber dries between the initial humidity of ~90% and the final humidity of 205 
~14% using two drying methods: with and without vaporization resulted in exponential 206 
models for moisture loss as a function of time with R² equal to 0.993 and 0.998, 207 
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respectively (Rezende et al. 2015). Eucalyptus and Corymbia logs with a diameter in the 208 
range of 4.3 and 20.3cm showed R² for exponential models for drying as a function of 209 
time equal to 0.926, 0.921 and 0.892 for the evaluation times of 30, 60 and 90 days, 210 
respectively (Zanuncio et al. 2015). Corymbia citriodora logs with a diameter of 211 
~17.88cm, drying between ~70% and ~14%, found R² for linear models for moisture 212 
content as a function of time equal to 0.96, 0.97 and 0.95 for total log drying (between 213 
~70 and ~14%), free water outlet (between ~70 and ~30%), and bound water outlet 214 
(between ~30 and ~14%), respectively (Monteiro et al. 2018). 215 
Basic density and free, bound and total water flow rates in Corymbia citriodora 216 
wood showed no significant difference between the inner region, next to the heartwood 217 
and external region, close to the bark of the trunk (Table 1). 218 
Table 1. Basic density (kg m-3), free, bound and total water flow rates (%MC day-1) of 219 
the wood from the internal and external regions of Corymbia citriodora trunk 220 
Region BD  FWFR BWFR TWFR 
(kg m-3) (%MC day-1) 
Internal 620 ns 11.69 ns 1.09 ns 3.26 ns 
External 673 ns 12.20 ns 1.24 ns 3.36 ns 
Mean 647 11.95 1.17 3.31 
ns: not significant, by Scott-Knott test at 5% significance; BD: basic density; FWFR: 221 
free water flow rate; BWFR: bound water flow rate; TWFR: total water flow rate. 222 
The equality of the internal and external trunk regions for basic density and 223 
water flow reflects a low variation in the wood physical properties between the internal 224 
(heartwood) and external (sapwood) regions of the trunk (Table 1). The age of seven-225 
years-old of trees can influence this result due to the high presence of juvenile wood on 226 
the stem. As trees age and consequently form adult wood and heartwood, the 227 
differences between the trunk regions tend to accentuate. In general, the literature 228 
presents higher values of basic density in the external region of the trunk. Panshin and 229 
De Zeeuw (1980) reported that the basic density of the wood increases from the pith to 230 
the bark direction, a similar trend found by Cruz et al. (2003) for the wood of the 231 
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Eucalyptus genus, which belongs to the Myrtaceae family – same of the Corymbia 232 
genus. For wood water flow, higher values are found close to the bark, in sapwood, than 233 
close to the pith. The heartwood, present in the internal region of the trunk, has low 234 
permeability when compared to the sapwood (Siau, 1971). The presence of tyloses 235 
clogging the vessels is one of the reasons that reduce the permeability of the wood in 236 
the heartwood (De Micco et al. 2016, Helmling et al. 2018). Higher permeability values 237 
of Eucalyptus wood in the sapwood region are reported in the literature (Silva et al. 238 
2010, Brito et al. 2019). 239 
The mean basic density of Corymbia citriodora wood equal to 647 kg m-3 (Table 240 
1) is consistent with the literature, for example, Zanuncio et al. (2015) found values 241 
between 665 and 684 kg m-3 for Corymbia citriodora wood from seven-years-old trees, 242 
and Monteiro et al. (2018) report mean values of basic density for trees of the same 243 
species and age equal to 610 kg m-3. The comparison with the values of water flow in 244 
wood is more complex since few studies approach the rates of the free and absorbed 245 
water in a detailed way, as well as diverse methodologies, are used for measure 246 
permeability, for example, apparatus for testing the permeability to air and liquid in 247 
wood (Silva et al. 2010, Tanaka et al. 2010, Baraúna et al. 2014, Rezende et al. 2018, 248 
Brito et al. 2019) and gravimetric techniques (Redman et al. 2016, Thybring et al. 249 
2018). 250 
These techniques were used in laboratories using small wood samples. However, 251 
gravimetric techniques to measure water flow were also performed on larger pieces, 252 
such as lumbers and logs. Differences between rates may be due to species, wood 253 
density, sample dimensions, environmental conditions, and range of moisture content 254 
assessed. For instance, if drying between green conditions to equilibrium moisture 255 
(EM), or if drying between green condition and FSP or if drying between FSP and EM. 256 
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Drying rates for Eucalyptus lumbers are reported in the literature: 1.00, 1.50, and 257 
0.25%MC day-1 for total drying (between green condition and 22%), free water outlet 258 
(between green condition and 30%), and bound water outlet (between 30 and 22%), 259 
respectively (Zen et al. 2019). Drying rates are equal to 4.6 and 4.0%MC day-1 for 260 
drying Eucalyptus grandis lumbers, with and without vaporization, respectively 261 
(Rezende et al., 2015).  262 
Studies were also performed on the drying rates with Corymbia citriodora logs: 263 
logs with 1.2 m length dried between ~76 and ~35% of moisture content after 90 days, 264 
resulting in drying rates between 0.611 and 0.637%MC day-1 (Zanuncio et al. 2015). 265 
Logs with 0.4m length, 17.88cm diameter and dried between 70.3 and 14.8% of 266 
moisture content obtained the following drying rates: 0.37, 0.72, and 0.17%MC day-1 267 
for total drying, free water outlet (between 70.3 and 30%), and bound water outlet 268 
(between 30 and 14.8%), respectively (Monteiro et al. 2018). The lower values of the 269 
total drying rate (TWFR) of Monteiro et al. (2018) can be explained by their use of 270 
pieces of wood (Corymbia citriodora logs) with larger dimensions when compared to 271 
the specimens used in this study. Bramhall (1971) reports that wood permeability 272 
decreases as sample length increases. 273 
On average, the free water outlet (FWFR) of Corymbia citriodora wood was ~10 274 
times larger than the bound water outlet (BWFR), according to data (Table 1). The 275 
slower flow of bound water when compared to free water flow is widely reported in the 276 
literature (Kollmann and Côté Jr 1968, Siau 1971, Engelund et al. 2013, Monteiro et al. 277 
2018, Zen et al. 2019). The ratio between FWFR and BWFR for drying Eucalyptus 278 
lumbers was equal to ~4 times (Zen et al., 2019) and for drying Corymbia citriodora 279 
logs, with 0.4m length, to ~6 times (Monteiro et al., 2018). 280 
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Differences between FWFR and BWFR can be partly explained by the 281 
anatomical structure and water transport mechanism in wood. The movement of free 282 
water in the wood, according to Kollmann and Côté Jr (1968), is caused by capillary 283 
forces, based on Hagen-Poiseuille’s Law. In this period, the drying rate can be constant, 284 
and after this phase, when bound water leaves the wood, it is necessary to use more 285 
energy to remove this water. The evaporation rate is then slightly higher than the arrival 286 
velocity of the water on the surface of the wood. In this phase, the movement occurs 287 
mainly by diffusion, and the bound water moves through the cell wall due to the 288 
moisture gradient (Kollmann and Côté Jr 1968). This movement of water in the 289 
different forms occurs simultaneously in the same piece of wood. Below the FSP, there 290 
is also a difference between the water movement in the gaseous state and the bound 291 
water (Mouchot et al. 2006). 292 
The analysis of the movement of water in the three directions of Corymbia 293 
citriodora wood shows that FWFR was significantly superior to TWFR, which was 294 
significantly higher than BWFR (Table 2). 295 
Table 2. Free, bound and total water flow rates for Corymbia citriodora wood. 296 
DWF FWFR (%MC day-1) BWFR (%MC day-1) TWFR (%MC day-1) 
Longitudinal 19.76 Aa 1.81 Ac 5.27 Ab 
Radial 10.22 Ba 0.93 Bc 2.53 Bb 
Tangential 6.19 Ca 0.87 Bc 2.09 Bb 
DWF: direction of the water flow; FWFR: free water flow rate; BWFR: bound water 297 
flow rate; TWFR: total water flow rate; means followed by the same lower case letters 298 
in the lines and capital letters in the columns do not differ significantly by the Scott-299 
Knott test (p < 0.05). 300 
As shown in Table 2, free water flow was approximately 10 times higher than 301 
absorbed water flow. The tangential axis on the trunk showed a lower relationship 302 
between the free water outlet and bound water outlet (~7 times). This result can be 303 
explained due to the lower free water flow rates on the tangential axis of wood. The free 304 
water movement in the longitudinal axis was 1.9 times greater when compared to the 305 
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radial axis and 3.2 times greater when compared to the tangential axis. The free water 306 
flow in the radial axis was 1.7 times greater than the tangential axis. The highest values 307 
for free and bound water flows in the longitudinal direction of C. citriodora wood are 308 
probably due to the arrangement of the anatomical elements, especially the vessels, 309 
which are mainly responsible for this fact in hardwoods (Siau 1971, Ahmed and Chun 310 
2011, De Micco et al. 2016). These same authors report the importance of rays in the 311 
movement of water in the wood, being able to justify the higher FWFR values of the 312 
radial axis when compared to the tangential axis. Mouchot et al. (2006) found greater 313 
bound water flow and water vapor in the axial direction when compared to the radial 314 
and tangential axes on beech and spruce wood. 315 
BWFR and TWFR values are not significantly affected by the radial or 316 
tangential direction in Corymbia wood (Table 2). Knowing the differences of 317 
permeability between the radial and tangential directions of the trunk can also cause 318 
problems in the wood processing, which can result in incomplete treatments and/or 319 
significantly variable between and within timbers or logs in a treatment facility. 320 
However, the evaluation of the water flow in the wood in radial and tangential 321 
directions is complex when compared to the longitudinal axis, since their values are 322 
smaller, often imperceptible to the technique used for measurement. On the one hand, 323 
some studies record values for air and liquid permeability of hardwood only for the 324 
longitudinal axis (Silva et al. 2010, Baraúna et al. 2014, Rezende et al. 2018, Brito et al. 325 
2019). On the other, Tanaka et al. (2010) used the permeameter apparatus and ultrasonic 326 
treatment and found on Douglas-fir wood permeability higher values in the radial 327 
direction when compared to the tangential direction. In addition to the complexity of the 328 
measurement technique, the diffusion process of the bound water is influenced by the 329 
environment and characteristics of the wood. Monteiro et al. (2017) report that long and 330 
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wide vascular elements, lower pore frequencies, thick cell wall, and pit pairs with higher 331 
apertures reduce the passage of bound water in Eucalyptus and Corymbia wood. 332 
 333 
CONCLUSIONS 334 
The analysis of free and adsorbed water movement in the axial, radial and 335 
tangential directions of Corymbia citriodora wood allowed the following conclusions: 336 
The exponential model showed good adjustments for free and bound water outlet 337 
as a function of time for the different axes of Corymbia citriodora wood. 338 
Free and bound water flow showed no significant difference between the internal 339 
and external regions of the trunk. 340 
Free water flow was ~10 times higher than adsorbed water for wood.  341 
Free water movement was greater than bound water flow ~10.9 times in the 342 
longitudinal and radial directions and ~7 times in the tangential direction of the wood. 343 
Free water movement in the longitudinal direction was ~2 times greater than in 344 
the radial axis and ~3 times greater than in the tangential axis. 345 
Bound water movement in the longitudinal direction of the wood was ~2 times 346 
greater than in the transverse direction. Bound water flow in the radial axis of the wood 347 
was statistically equal to the one in the tangential axis. 348 
 349 
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